Abstract Purpose: P-glycoprotein (Pgp) is a major prognostic factor for chemotherapy failure in acute myeloid leukemia (AML). This study compared the influence of genetic and leukemia-specific factors on Pgp. Experimental Design: Eight hundred and seventeen samples were studied prospectively for Pgp protein expression and function and G1199A, G2677T, and C3435T polymorphisms in the encoding gene ABCB1. Results: Age, low WBC count, high bcl-2, secondary AML and myelodysplastic syndrome, and adverse cytogenetics all correlated strongly with high Pgp (MRK16) protein expression. However, ABCB13435TT homozygosity was negatively correlated with Pgp. Pgp protein is only expressed in 41% of samples such that the negative effect of the polymorphism was not seen at baseline Pgp levels but was marked in the upper 41% of samples (MRK16 Dmean fluorescence intensity of 75th centile sample = 9 units for TT variant samples and 26 units for CC/CT; P = 0.003). However, no association was found between genetic factors and Pgp function using rhodamine 123 accumulation. Conclusions: The genetic polymorphism 3435TT (which results in unstable mRNA) has a significant effect on Pgp expression, but this is only seen in f40% of cases in which mRNA and protein are detectable. Moreover, leukemia-specific factors, such as lowWBC count and poor risk cytogenetics, have a much greater effect than genetic polymorphisms on Pgp expression in AML blasts.
P-glycoprotein (Pgp) is a membrane transporter encoded by the multidrug resistance (ABCB1, MDR1) gene, which traps hydrophobic drugs in the plasma membrane of cells and effluxes them using an ATP-dependent process (1) . Pgp has a broad range of substrates, including key chemotherapeutic drugs used in the treatment of acute myeloid leukemia (AML), notably anthracyclines and etoposide (2, 3) . Pgp expression is detected in f50% of AML blast samples (less in younger cohorts, more in older ones; ref. 2) . All the major studies of adult AML concur that Pgp is a major predictor of chemoresistant disease (4) .
Transcriptional regulation of Pgp expression is multifactorial, as the promoter has binding sites for a range of transcription factors (5) . Polymorphisms in the ABCB1 gene may also affect Pgp expression levels. There are at least 50 different ABCB1 polymorphisms (6 -9) . The possibility that ABCB1 polymorphisms can change the structure of Pgp and thus the specificity or efficiency of its pump function has been addressed in several studies. Notably, Kim et al. (7) noted low digoxin accumulation in cells with the T variant allele at position 2677. Woodahl et al. (10) found that the G1199A substitution increases accumulation of the substrate rhodamine 123 in epithelial cells. However, other studies found no evidence that these or other polymorphisms affected the efflux of a variety of substrates (11, 12) . As the function of Pgp in excretory organs has a major influence on drug pharmacokinetics, there have also been several in vivo studies probing the role of polymorphisms. The 3435T variant has been linked to low Pgp expression and function in some reports, reviewed by Ambudkar et al. (9) . Thus, the question of whether variant forms of Pgp induce changes in function is still questionable. The conflicting results in the literature may occur for several reasons (e.g., tissue-specific or disease-specific protein regulation, different effects on different substrates, small samples giving insufficient statistical power, or because artificial systems expressing particular individual polymorphisms do not recapitulate normal physiology in which some polymorphisms occur concurrently in linkage disequilibrium; ref. 7).
The working group on multidrug resistance in the United Kingdom National Cancer Research Network AML14 and AML15 trials is well placed to study the relationship between structure, function, and polymorphisms of Pgp in AML, as we have been measuring Pgp protein and function for 7 years in two centers and have results on 817 well-characterized presentation samples. This includes data on three single nucleotide polymorphisms: G2677T (Ala 893 Ser), C3435T (synonymous), and G1199A (Ser 400 Asn). G2677T and C3435T occur frequently and seem to be linked such that f40% of cases in one AML study were heterozygous for both, 25% were wild-type for both, and 14% were variant for both (13) . G1199A, which occurs in f5.5% healthy Caucasians (14) , was studied because it has been reported to decrease Pgp function (10) and has not yet been investigated in AML.
This study was designed to further our understanding of the factors that influence Pgp expression in AML blasts. We compare the effect of leukemia-specific factors (cytogenetics, WBC count, type of AML, and bcl-2 overexpression) and of genetic factors (ABCB1 polymorphisms) and age on blast Pgp protein expression and function in a large cohort of the National Cancer Research Network trial AML patients.
Materials and Methods
Patient samples. Presentation bone marrow or peripheral blood samples from 817 patients entered into the United Kingdom AML14 (n = 323) and AML15 (n = 494) trials were taken into preservative-free heparin or into EDTA tubes following informed consent as approved by local and national ethics committees and sent to one of two laboratories in Nottingham and Cardiff over a 7-year period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . AML14 was a trial for patients ages >60 years with AML or high-risk myelodysplastic syndrome (>10% blasts), which closed in 2006. AML15 is an ongoing trial predominantly for AML patients ages <60 years; however, fit patients ages z60 years can also be entered into AML15 and contributed 12% of the samples. Pgp was not measured in patients with M3 AML.
Because preliminary studies (data not shown) indicated that cells deteriorate after 48 h, only samples received within 48 h of being removed from the patient were analyzed. Mononuclear cells were isolated by standard density gradient techniques using Histopaque (Sigma-Aldrich) in the first step. After preliminary studies (data not shown) to check that fresh and frozen samples give similar results, some samples were analyzed fresh (particularly when hypocellular) and others were cryopreserved in liquid nitrogen and analyzed in batches. For functional assays, thawed samples were rested for 90 min before assay to allow time for recovery of function. Thawed and rested or fresh samples were then subjected to viability analysis using trypan blue exclusion. Only samples with >80% viable blasts were processed further. The study of Pgp protein and function was prospective such that these could be, and indeed frequently were, measured on samples with a low total mononuclear cell yield (as low as 3 Â 10 6 total cells for a functional assay).
Flow cytometric methods for Pgp (phenotypic and functional) and bcl-2. Pgp protein and function were measured using flow cytometric methodology, described in detail elsewhere (15) . Each assay involved labeling with the fluorescent probe or antibody of interest and with an antibody against CD45 to allow leukemic (CD45 low/side scatter low) cells to be gated (16, 17) . The peridinin chlorophyll protein conjugate to CD45 was chosen to avoid spectral overlap with FITC labels. Briefly, Pgp substrate efflux modulation by PSC-833 was determined in an accumulation assay using rhodamine 123 (Sigma) based on the report by Broxterman et al. (18) . For protein measurement, MRK16 anti-Pgp (Kamiya Biomedical) antibody (30 min, room temperature) was used followed by 20% normal rabbit serum to block (30 min, 4jC) and FITC-conjugated goat anti-mouse secondary antibody (30 min, 4jC; Dako). Bcl-2 was measured on 5 Â 10 5 cells per tube, which had been fixed and permeabilized using the cell permeabilization kit from Harlan Seralab, followed by 5 AL directly FITC-conjugated anti-bcl-2 (15 min, room temperature; Dako). In 20 cases, samples that seemed viable by trypan blue exclusion at the start of assays showed a dying cell phenotype (low forward scatter, wide side scatter, and very low/negative CD45) on analysis. Results from these samples were excluded.
Obtaining reliable Pgp measurements in more than one reference laboratory. Protocols were based on methods that were found to be reproducible at a single laboratory during preliminary studies (19 -21) . Detailed standard operating procedures for the measurement of functional and phenotypic Pgp and potential pitfalls are described in detail elsewhere (15) . In brief, both centers used the Calibrite bead system (Becton Dickinson) to set the voltages and compensation settings for the antibody assays and to monitor instrument performance at least weekly. Results were plotted over time to probe for abnormal trends. U937 (Pgp negative) and KG1a (Pgp positive) were used regularly as quality control. To adjust for potential differences between instruments, flow cytometric quantification was carried out using Dako fluorospheres to create standard curves and in-house software developed by Dr. T. Hoy was used to convert the channel numbers of the instrument to molecules of equivalent fluorochrome.
ABCB1 polymorphisms. DNA was extracted from cells using QIAamp blood DNA isolation kits (Qiagen) according to the manufacturers' protocol. cDNA was used in 23 cases where cells were not available for DNA extraction.
RFLP analysis was used for the genotyping of all three polymorphisms (G1199A, G2677T, and C3435T) as described previously (14) . The frequency of the 2677A genotype in a healthy population is reported as only 1.9% (14) : it was therefore impractical to study the effect of this polymorphism on Pgp expression in AML. Our assay did not distinguish between G and A genotypes such that results reported as G2677 are also expected to include a small number of A2677 genotype. Approximately 50 ng DNA was amplified using 2 units of AmpliTaq Gold (PE Applied Biosystems) in each PCR. Reactions were done on a PTC-100TM machine (MJ Research, Inc.) for 35 cycles using an annealing temperature of 57jC for 2677 and 3435 polymorphisms and 55jC for 1199 polymorphism. PCR products were assessed for quality and quantity and purified using QIAquick PCR Purification kit (Qiagen) before digestion.
The ABCB1 gene is located on chromosome 7, which may be deleted in AML. The question of whether the RFLP results reflect genomic or leukemic DNA in these cases has been addressed by Illmer et al. (13) and by van den Heuvel-Eibrink et al. (22) . Neither was able to show leukemia-derived hemizygosity, and the issue was not further addressed in our study. In preliminary analysis, exons 11, 21, and 26 were sequenced to establish positive controls, which were included in all batches of digests. Random cases totaling 5% of all those studied were sequenced during the course of the study to confirm RFLP results.
Real-time ABCB1 expression. AML blasts were enriched by CD2 depletion (using anti-CD2-coated Dynabeads) before RNA preparation using QIAamp RNA kits with DNase treatment according to the manufacturers' instructions (Qiagen). Up to 2 Ag of RNA were used in a reverse transcription reaction with Moloney murine leukemia virus reverse transcriptase (Invitrogen) and random hexamers (Amersham Pharmacia). Quantitative PCR was done on an ABI Prism 7700 (PE Applied Biosystems) using Excite Real-time Following the 40 cycles, the products were heated from 60jC to 95jC over 20 min to allow melting curve analysis to be done. This allowed the specificity of the products to be determined (single melting peak) and confirmed the absence of primer dimers.
To enable the levels of transcripts to be quantified, standard curves were generated using serial dilutions of KG1a cDNA. The housekeeping gene b2-microglobulin was used to standardize the samples (23) and the relative expression levels of ABCB1 transcripts were therefore calculated as the ratio between the level of ABCB1 and the level of b2-microglobulin. Negative controls (no template) were included in each experiment and all reactions were run in triplicate.
Statistics. Pgp expression and function in polymorphic groups were compared initially by m 2 ANOVA. Significant two-way comparisons (P < 0.05) were further explored by Mann-Whitney tests. All P values are two sided. All analyses were done using Statistical Package for the Social Sciences software.
Cytogenetics. Stratification into favorable, intermediate, and adverse cytogenetics groups was made according to guidelines established in previous Medical Research Council studies (24) . All cytogenetics reports were collected and reviewed by the Leukaemia Research Cytogenetics Group (25) . As acute promyelocytic leukemia patients were excluded from the analysis, good risk was defined as the presence of t(8;21) (q22;q22) or inv(16)(p13q22).
Results
Obtaining reliable Pgp measurements in more than one reference laboratory. The literature suggests that obtaining intercenter agreement when measuring drug resistance variables has been problematic in the past and is more likely to succeed if the same assay protocols are used by participating laboratories and if both functional and phenotypic Pgp are measured (26, 27) . Measures to optimize and confirm reproducibility in our study are described in Materials and Methods. Preliminary intercenter reproducibility studies of the first 60 samples from each center showed that the fluorescence distributions obtained for functional Pgp as well as for bcl-2 measurements showed good intercenter agreement, and the functional assay reproducibility data have been published (28) . Pgp was recorded as functional when the PSC ratio was z1.7 based on a previous study (20) . Pgp function was reported as high when it exceeded 3.4. The complete data distributions from the two centers were reanalyzed at the end of the current study and confirmed that the distributions of bcl-2 and functional Pgp were not significantly different between centers (data not shown). Regarding the MRK16 Pgp results, the two centers were able to distinguish the same cases as high or low in 13 of 15 (87%) cases but the results on a quantitative scale were insufficiently reproducible to be pooled. Therefore, the results were recorded as above or below the pilot study mean for each center individually before being combined. For this report, these values are referred to as ''high'' or ''negative/low,'' but it should be borne in mind that there is no logical cutoff point between positive and negative Pgp protein expression in patient samples.
Incidence of phenotypic and functional Pgp and ABCB1 polymorphisms. Patient characteristics are summarized in Table 1 . Six hundred and twenty patients had sufficient viable cells for comparison of functional and phenotypic Pgp. Of these, 30.0% were positive for both functional and phenotypic Pgp, 11.0% seemed to have phenotypic Pgp only, 9.3% had functional Pgp only, and 49.7% had negative/very low levels of both. The incidence of the G1199A, G2677T, and C3435T polymorphisms is also shown in Table 1 . The three polymorphisms are all in Hardy-Weinberg equilibrium (data not shown).
Polymorphic haplotypes. The G2677T and C3435T polymorphisms have previously been shown to be linked (7, 13). The haplotype data from our study are shown in Table 2 . It can be seen that the three most common haplotypes are 2677GG/ 3435CC, 2677GT/3435CT, and 2677TT/3435TT: these combinations comprise 73.6% of cases and therefore, similar to previous studies, strongly suggest linkage disequilibrium (7, 13). Table 3 . It can be seen that both Pgp protein and function are strongly correlated with a high median age, low WBC, high bcl-2, secondary AML, and an adverse cytogenetic-risk group. In addition, the presence of the 3435TT variant polymorphism is associated with a lower Pgp protein compared with the CT and CC genotypes, although no correlation was seen between polymorphic groups and Pgp function. Given the striking association between Pgp overexpression and a relative low WBC count, the question arose of whether Pgp is directly associated with a low proportion of cycling cells and we present supporting data in Supplementary  Fig. S1 to indicate that Pgp is indeed associated with a low proportion of cells observed to have >2n DNA on propidium iodide staining. Pgp has previously been associated with abnormal cytogenetics, particularly +8, -7/7q-, 5q-, and multiple abnormalities, compared with patients with good risk or normal cytogenetics (29 -31) : our data support these findings. The ABCB1 gene coding for Pgp is on chromosome 7. A study using fluorescence in situ hybridization analysis of blasts with monosomy 7 confirmed that only one copy of the ABCB1 gene is present in these cells (32) . Despite this, patients with monosomy 7 have been reported to overexpress Pgp (31, 32) . In keeping with these findings, high Pgp expression was found in 77% of monosomy 7 patients in our study.
In contrast with the report of Illmer et al. (13), we found no significant associations between adverse cytogenetics and polymorphisms, either individually or as common haplotypes (data not shown). We also examined the distribution of polymorphic variants with the main cytogenetic subgroups, inv(16), t(8;21), +8, -7, and/or complex karyotype, and found no atypical distributions (data not shown).
In addition, we studied whether any factors may predict Pgp protein and function in patients with intermediate-risk cytogenetics. Supplementary Table S1 shows that age, low WBC, and high bcl-2 all remain strongly correlated to the expression and function of Pgp in this subgroup. There were no significant correlations with polymorphisms in the intermediate-risk subgroup, although there was a trend toward variance for the C3435T polymorphism, with heterozygotes having higher Pgp expression than either of the homozygous groups (P = 0.06).
Genetic factors associated with Pgp expression and function when measured on a quantitative scale. Several previous studies in AML have shown that Pgp is expressed in 35% to 70% of adult cases (2) . We reasoned that the effect of the 3435 polymorphism on Pgp protein noted in Table 3 would be indeterminable in those cases where ABCB1 gene transcription is not turned on but could be pronounced in cases where it is turned on. To obtain more sensitive information on the effects of ABCB1 polymorphisms on Pgp expression and function, we needed to measure data obtained on a continuous scale. As discussed in the first part of the Results section, small differences in protein results obtained in the two centers meant that the results could be pooled when dichotomized but not when expressed on a continuous scale. Therefore, this part of the analysis was done using Pgp protein as a continuous variable in the cohort from the center that had the largest and most complete data set (294 samples had both protein and polymorphism data in this subgroup). We plotted Pgp centile values according to 3435 polymorphic group (Fig. 1A) . The data showed that the effect of the 3435TT polymorphism was greatest at around the 75th centile. This implies that the effect of the polymorphisms is only seen in cases where one would expect high expression. Mann-Whitney tests (Table 4 ) confirmed significant differences between polymorphic groups when Pgp is measured on a quantitative scale. The data showed that, in addition to the 3435TT polymorphism, the 2677TT and the common variant haplotype had a significant effect on Pgp protein expression, with more marked differences at the 75th centile expression than at the median. To interpret Table 4 , one should bear in mind that flow cytometric fluorescence values are reported relative to the isotype control; thus, if no Pgp is present, the value is 1. Therefore, the reported values at the 75th centile of 1.09 for the TT group, 1.24 for the CC group, and 1.27 for the CT group indicate relative fluorescence (Dmean fluorescence intensity) of 9, 24, and 27, units respectively. These results led us to pose the question of whether the comparatively low protein expression seen in the 3435TT group was due to low mRNA expression. We therefore measured ABCB1 mRNA by real-time PCR in the 177 patients from our cohort on whom cDNA was available. Preliminary analyses showed that Pgp surface protein, ABCB1 mRNA expression, and Pgp function all strongly correlated, with P values of <0.001 (data not shown). When the medians and 75th centiles of the three 3435 genotypes were examined, the heterozygote genotype was associated with the highest median mRNA expression followed by the variant homozygote and then the wild-type homozygous genotype ( Fig. 1A; Table 4 ). As in the case of protein, differences between polymorphic groups were more marked at 75th centile than at median expression, indicating that this pattern affects RNA as well as protein levels. However, at the mRNA level, the low expression in the 3435TT group was not statistically significant possibly due to a smaller number of samples in the analysis. The same pattern was observed for the 2677 polymorphism and for the 3435/2677 haplotype.
We then turned our attention to Pgp function. As shown in Fig. 1A , C3435TT and 2677TT variant homozygosity had no effect on the rhodamine efflux function of Pgp. At first, this finding seemed puzzling. However, the data illustrated in Fig. 1B may provide an explanation: a strong correlation between Pgp protein expression and Pgp function in the cohort as a whole (R 2 = 0.64) is predicated on the fact that most samples are either positive for both protein and function or negative for both protein and function. If, however, we ignore the negative data, and just examine those samples where differences in protein expression between polymorphic groups were marked (i.e., between the 60th and 90th centiles of Pgp expression), it can be seen clearly that the amount of Pgp protein is only a very weak predictor of the degree of rhodamine function (R 2 = 0.11). This therefore offers an explanation as to why the effect of the polymorphism is not seen at the functional level.
For further evidence of the extent to which Pgp expression in AML is regulated at a leukemia-specific or a genetic level, we measured Pgp protein on CD56 + /CD45 high lymphocytes (natural killer cells) in patient samples and noted a correlation with natural killer cell Pgp only in the blast Pgp-positive cases (Supplementary Fig. S2 ; r = 0.58; P = 0.02); that is, these data reinforce the pattern that there are leukemia-independent influences on the level of Pgp expression in AML blasts only in those cases where leukemia-specific factors are allowing Pgp to be expressed.
G1199A polymorphism. For the G1199A polymorphism, 614 samples were studied to identify three genotypes. As a rare polymorphism, 93.8% of the studied population was wild-type (GG) at position 1199, whereas the heterozygote 1199GA accounted for 5.7% and only three patient samples were recognized as carriers of 1199AA genotype. The 1199A (variant) and wildtype genotypes of 2677 and 3435 were linked (P = 0.005 and 0.003, respectively). Because only three cases of 1199AA were found, Pgp expression and function analysis were compared in patients with wild-type (1199GG) at this position versus the patients with at least one copy of the A allele (1199A*).
The distribution for both groups for ABCB1 transcript expression, Pgp expression, and Pgp was not significantly different when divided into 1199GG 1199A* according to Mann-Whitney test (this was irrespective of whether protein and function were measured on a continuous or on a dichotomized scale; data not shown).
Discussion
This study of factors influencing Pgp overexpression in AML blasts was designed to further our understanding about the level of Pgp regulation (i.e., leukemic or genetic) in AML. We have brought together leukemia-specific and genetic data and have shown the dominance of leukemia-specific factors (i.e., type of AML, WBC, and poor risk cytogenetics). These factors determine whether Pgp expression is turned on or off. The novel data from our polymorphism analysis, supported by the blast/natural killer comparison, indicate that only if Pgp is turned on do genetic factors secondarily affect expression levels.
This study emphasizes the importance of understanding the contribution of genetic factors to protein expression before examining downstream clinical variables: our results strongly suggest that polymorphisms could only be clinically significant in terms of blast behavior in patients who express Pgp. However, ABCB1 polymorphisms in all patients could also affect the outcome of AML through their influence on nonblast tissues and pharmacokinetics. There have been two previous studies: one that found an association between ABCB1 mRNA expression levels and the 2677 and 3435 polymorphisms in 136 patients (13) and the other finding no association between polymorphisms, protein, and function in 150 patients (33) . Our data reveal that, even with the very large cohort we describe in Table 3 , the relationship between Pgp expression and polymorphisms is weak (for 3435) or statistically nonsignificant (for 2677) when the whole cohort is analyzed. It is only in the upper 40% where Pgp is being turned on (Fig. 1) , and particularly around the 75th percentile, that we see the effect of 3435 and 2677 polymorphisms on blast Pgp expression. We suggest that these novel findings are attributable to the design of our study: (a) large sample size and (b) the study was prospective and therefore variables were measured on fresh samples in hypocellular samples that often express high levels of Pgp-it is possible that these samples may be missed in retrospective studies.
There was a striking association in our study between a high WBC count and low Pgp expression and function. Bcl-2 is also associated with Pgp overexpression and could help account for the apoptosis-resistant phenotype we have previously noted in Pgp-positive AML blasts (34) . The data in Supplementary  Fig. S1 on 40 consecutive samples support our contention that the low WBC count associated with Pgp may be due to a low rate of cycling in Pgp-positive samples. Pgp is a well-described prognostic factor, but the point we wish to emphasize with respect to the current data is that this may not simply be due to substrate drug efflux: cells that are cycling at a low rate are also comparatively resistant to antimetabolic non-Pgp substrate drugs, such as cytarabine (35) . The strong correlations in the current study indicate that bcl-2 and a low rate of cycling may all contribute to multidrug resistance in Pgp-positive AML.
In common with several other studies in both normal and abnormal tissues (9), we have shown low Pgp expression in subjects with the homozygous 3435TT polymorphism. 3435T is a noncoding polymorphism, and until recently, it was generally thought that its predictive value might be due to its linkage disequilibrium with other factors. However, it has now been shown that the 3435 C to T substitution decreases mRNA stability (36) . The reason why heterozygotes should have the highest mRNA and protein levels [also noted by Illmer et al. (13) ] remains to be clarified: it is possible that the C allele may overcompensate for the low expression associated with the T allele. Another puzzle that remains to be resolved is the evidence that at the highest levels of Pgp protein expression (Fig. 1 ) the 3435TT variant curve crossed the CC/CT curve between the 80th and 90th centiles. As with the highest expression in heterozygotes referred to above, this could also suggest a compensatory mechanism. However, it could also be a statistical anomaly, given that the actual number of 3435TT variants above the 80th centile is only 18.
In quantitative analysis, the TT2677 polymorphism and the 2677TT/3435TT haplotype showed similar patterns to the TT3435 polymorphism, with greater differences between genotypes seen at the 75th centile than at the median. It is clear from Table 1 that there is a higher incidence of 3435TT than of 2677TT homozygotes, and because 92% of cases with 2677 variant homozygosity are also 3435TT variants (Table 2) , it is unclear whether the 2677 polymorphism makes a unique contribution to Pgp expression levels. It is likely that the patterns of mRNA and protein expression noted for 2677 polymorphic variants in Table 4 are heavily influenced by linkage disequilibrium with the 3435 position: in the report by Wang et al. (36) , there was no indication that 2677 variants were directly involved in mRNA stability. There has also been a report in which cDNA for variant ABCB1 polymorphisms, both individually and as haplotypes, has been transfected into a variety of cells, with the outcome that the haplotype containing T variants at 3425, 2677, and 1236 had some impaired functions (37) . In this study, the polymorphisms were not associated with altered message and protein levels but were likely associated with the timing of cotranslational folding and membrane insertion. The authors of this study measured surface Pgp with MRK16 antibody such that we can make a direct comparison between the levels of Pgp seen in their system and the Pgp seen in AML blasts. We gave details of 75th centile Pgp in AML samples in Table 4 . On the same scale, the transfected Pgp in Kimchi-Sarfaty's system has a peak value at least 2 orders of magnitude higher. The functional effects seen in their system were dependent on inserted DNA concentration, which was hypothesized by the authors to be attributable to depletion of rare codon-specific tRNAs. We therefore very much doubt that these effects would be applicable to primary AML samples. Nevertheless, we have not excluded the possibility that other polymorphisms combine with C3435T to induce an effect in AML samples.
In contrast to the protein results, we found no significant effect of ABCB1 polymorphisms on retention of the Pgp substrate rhodamine 123 in the presence of PSC-833. Discrepancies between protein and functional results have frequently been observed in AML [our results and those of others (38)], and the effect of the polymorphic ABCB1 3435TT variant on Pgp protein expression was overridden by other factors when it came to functional rhodamine efflux (Fig. 1) . Several protein phosphatases and kinases are associated with Pgp function (39, 40) and could account for this effect. Drug-resistant cells are known to have different patterns of phosphatase and kinase activity compared with their drug-sensitive parent cells (41) . However, although the effect of genetic polymorphism at the protein level is lost at the level of xenobiotic efflux, it should be borne in mind that Pgp has a drug-independent role in resistance to apoptosis, associated with modulation of ceramide and fas pathways (42 -44) . There have been no investigations of whether polymorphic variants affect such antiapoptotic functions.
This study has provided no evidence supporting the possibility of a role for ABCB1 polymorphisms in the pathogenesis of AML. An age or cytogenetics bias in polymorphic subgroups or a lack of Hardy-Weinberg equilibrium in genotype distribution might suggest the possibility that bone marrow cells with a particular ABCB1 genotype have an increased likelihood of transformation, but our samples showed no abnormal distributions.
In summary, we have shown that Pgp expression and function in AML are strongly affected by acquired, leukemiaspecific factors. In addition, we have shown that the genetic polymorphisms of ABCB1 at positions 2677 and 3435 have a significant effect on Pgp protein expression, but our data indicate that only if Pgp is turned on by leukemia-specific factors do genetic factors secondarily affect expression levels. 
